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In Brief
Beattie et al. determined the relative contribution of novel intrinsic Lgl1 gene functions and non-cell-autonomous community effects in neural stem cell proliferation behavior. They found distinct but sequential Lgl1 functions controlling embryonic neurogenesis and postnatal astrocyte and olfactory bulb interneuron generation.
INTRODUCTION
The human cerebral cortex is the seat of our cognitive abilities and is composed of an extraordinary number of neurons and glia cells. The developmental programs regulating the accurate generation of postmitotic cells, by neural stem cells (NSCs), need to be precisely implemented and regulated. At the end of neurulation, the early neuroepithelium is composed of neuroepithelial stem cells (NESCs) from which all subsequent neural progenitor cells and their lineages derive. NESCs initially divide symmetrically but then transform into radial glia progenitor (RGP) cells. RGPs have been demonstrated to be the major neural progenitors in the developing cortex responsible for producing the vast majority of cortical excitatory neurons (Lui et al., 2011; Taverna et al., 2014) .
The RGP division patterns and dynamics determine the number of neurons in the mature cortex. The mitotic RGP cell division at the surface of the embryonic ventricular zone (VZ) can be either symmetric or asymmetric, which is defined by the fate of the two daughter cells (Homem et al., 2015; Lui et al., 2011; Taverna et al., 2014) . Symmetric divisions can generate two RGPs to amplify the progenitor pool (symmetric proliferative division). In contrast, asymmetric neurogenic divisions produce a renewing RGP and a neuron, or an intermediate progenitor (IP) that can further divide in the subventricular zone (SVZ) to produce neurons (Noctor et al., 2004) . RGPs may also generate SNPs (Stancik et al., 2010) and outer SVZ radial glia progenitors (oRGs, a.k.a. basal RGs or bRGs) (Fietz et al., 2010; Hansen et al., 2010; Wang et al., 2011) . RGPs can also produce glia cells, including astrocytes and oligodendrocytes, which have critical roles in the development, maintenance, and function of neuronal circuits (Chung et al., 2015; Freeman and Rowitch, 2013) . Although gliogenesis is generally known to follow neurogenesis in the developing brain (Costa et al., 2009; Magavi et al., 2012; Schmechel and Rakic, 1979; Voigt, 1989) , the principles regulating glia generation, especially at the individual RGP and successive glia progenitor level(s), are not clear (Bayraktar et al., 2014; Molofsky and Deneen, 2015) . Shortly after birth, the embryonic neuroepithelium transforms into the postnatal NSC niche in the ventricular-subventricular zone (V-SVZ) within the lateral ventricle (LV) (Lim and Alvarez-Buylla, 2016) . While certain subpopulations of RGPs give rise to ependymal (E1) cells (Spassky et al., 2005) postnatally, other RGPs transform into V-SVZ type B1 cells (Merkle et al., 2004) . Type B1 cells function as the main progenitors in adult neurogenesis (Doetsch et al., 1999) and generate type C cells that in turn differentiate into type A neuroblasts migrating to the olfactory bulb (OB) (Lim and AlvarezBuylla, 2016) . 
(legend continued on next page)
While previous studies provided a rough framework of cortical neurogenesis and glia production, the cellular and molecular mechanisms dictating the quantitative neuron and glia output at the individual NSC level remain to be resolved. Recent mosaic analysis with double markers (MADM)-based lineage tracing, however, indicates that the proliferation behavior of RGPs is remarkably coherent and predictable (Gao et al., 2014) . RGPs initially undergo symmetric amplification division with a defined proliferation potential before transiting to asymmetric neurogenic division. Because MADM affords single-cell resolution, and thus a quantitative assessment of the neurogenic potential (Hippenmeyer, 2013; Postiglione and Hippenmeyer, 2014; Zong et al., 2005) , RGPs in their neurogenic phase were shown to follow a defined nonrandom program of cell-cycle exit, resulting in a unitary output of approximately eight to nine neurons per individual RGP. Upon completion of neurogenesis approximately one in six neurogenic RGPs proceed to produce glia (Gao et al., 2014) . Although the above MADM-based clonal analysis provided a quantitative model of NSC proliferative behavior, the cellular and molecular mechanisms controlling the size of pre-programmed RGP output through neurogenesis and gliogenesis are currently unknown.
Key regulators orchestrating the RGP mode of cell division include the signaling protein LGL1 (a.k.a. Llgl1, lethal giant larvae homolog 1 [Drosophila]), which regulates intracellular polarity in a variety of cellular contexts (Betschinger et al., 2003; Klezovitch et al., 2004; Yamanaka et al., 2003) . Although Lgl1 is predicted to regulate embryonic RGP proliferation behavior, the cell-autonomous function of Lgl1 in vivo is not clear. The possible requirement of Lgl1 at postnatal stages during NSC lineage progression is unknown due to lethality of Lgl1 knockout mice at birth. The analysis of RGP-mediated neurogenesis in Lgl1 mutant mice is further compromised due to the progressive disruption of the VZ resulting in disorganization and tumor-like growth of RGPs in the form of rosettes (Klezovitch et al., 2004) . This raises the possibility that substantial aspects of the phenotype in whole tissue Lgl1 knockout could be the result of a combination of both cell-autonomous and non-cell-autonomous and/or community effects. In this study, we address the above questions and determine the relative contribution of cell-autonomous Lgl1 signaling and non-cell-autonomous mechanisms in RGP proliferation behavior in neurogenesis and glia production. By capitalizing on the MADM system, we established genetic paradigms to either ablate Lgl1 in very sparse mosaic and single RGP clones or neuroepithelium-wide in all RGPs, both coupled with single-cell labeling enabling high resolution quantitative phenotypic analysis. Our MADM-based functional analysis led to the identification of previously unknown cell-autonomous Lgl1 functions in RGPs and suggests that a concerted interplay of cellintrinsic mechanisms coupled with stem cell niche interactions are essential for faithful NSC proliferation behavior.
RESULTS

MADM-Based Experimental Paradigm for Sparse and Complete Lgl1 Ablation
In order to determine the cell-autonomous function of Lgl1 and to assess the relative contribution of non-cell-autonomous mechanisms in RGP lineage progression, we developed a quantitative MADM-based genetic strategy (Figures1A-1C and S1; Table  S1 ). The main assay consists of subtractive RGP phenotypic analysis at single cell resolution of (1) Lgl1-MADM and cKO-Lgl1-MADM, Cre recombinase expressed from the Emx1 locus (Gorski et al., 2002 ) is used to induce sparse MADM labeling and/or genetic manipulation specifically in dorsal telencephalic RGPs (Figures 1 and S1 ). In order to generate Lgl1-MADM animals, we genetically linked the Lgl1-flox allele (Klezovitch et al., 2004) via meiotic recombination to the MADM-TG cassette on chromosome (chr) 11 (MADM-11) (Hippenmeyer et al., 2010) ; in parallel, the MADM-GT cassette is linked to the corresponding WT allele ( Figure S1A ). By using a conditional (Hippenmeyer et al., 2010 and are Lgl1 +/À . For the generation of cKO-Lgl1-MADM, we genetically linked the Lgl1-flox allele to both TG and GT cassettes on chr11, respectively ( Figure S1B ). In these experimental cKO-Lgl1-MADM mice, Emx1-Cre-mediated cis-recombination renders both Lgl1-flox alleles into Lgl1-D alleles globally in all Emx1 expressing dorsal telencephalic RGPs (i.e., conditional Lgl1 knockout). In addition Emx1-Cre-mediated trans-recombination leads to sparse MADM labeling with green, red, yellow, and unlabeled cells in the background, all carrying the Lgl1 À/À homozygous mutation ( Figures 1C and S1B ). Because individual cells can be traced at high resolution, these Lgl1-MADM and cKO-Lgl1-MADM paradigms offer an unprecedented quantitative platform 
Analysis of Corticogenesis upon Sparse and Complete Lgl1 Deletion in RGPs
We first analyzed cortical neuron production and overall cortical morphogenesis in control-MADM, Lgl1-MADM, and cKO-Lgl1-MADM at postnatal day (P) 0 ( Figures 1D-1I ). In our genetic paradigms, we employ constitutive Emx1-Cre, and thus MADM events occur stochastically at any given time in a random subset of dividing Emx1 + RGPs. Still, if progenitor cell division were symmetric, the number of red and green cells within an individual clone would be close to identical (Gao et al., 2014; Hippenmeyer et al., 2010) . Even if a large number of RGP divisions were asymmetric, such that red and green progeny numbers were different in individual clones, the bychance distribution of colors in asymmetric clones would ensure that the number of red and green progeny were equal overall. The green/red (g/r) ratio of all MADM-labeled cells in the somatosensory area in control-MADM, Lgl1-MADM, and cKO-Lgl1-MADM was $1 when analyzed at P0 (Figures 1D-1I ; Table S2 ). Previous studies assessing ventral telencephalic RGPs in Lgl1 full knockout suggest that Lgl1 À/À RGPs show a lack of differentiation (Klezovitch et al., 2004) . We thus assessed the cell fate specification of Lgl1 À/À cells in control-MADM, Lgl1-MADM, and cKO-Lgl1-MADM. We evaluated the expression of TBR1 (layer VI), CTIP2 (layer V), and SATB2 (layer IV-II) at P0 ( Figures 1J-1R ). The coarse laminar architecture appeared similar in all three experimental paradigms, and there was no significant difference in the relative numbers of TBR1 + , CTIP2 + , and SATB2 + neurons in the neocortex in control-MADM, Lgl1-MADM, and cKO-Lgl1-MADM mice (Figures 1J-1R ).
Lgl1 Is Not Cell-Autonomously Required in RGP-Mediated Neurogenesis A g/r ratio of 1 at P0 in control-MADM and cKO-Lgl1-MADM was expected due to the identical genotypes of red and green cells, WT in control-MADM and Lgl1 À/À in cKO-Lgl1-MADM, respectively. In contrast a g/r ratio of 1 in Lgl1-MADM was against our expectations because LGL1 has been suggested to control the switch from symmetric to asymmetric RGP division mode, and loss of Lgl1 in global Lgl1 knockout leads to exuberant RGP proliferation (Klezovitch et al., 2004) . While the full Lgl1 knockout is lethal at birth (Klezovitch et al., 2004) , Lgl1-MADM mice survive beyond 1 year of age. We therefore determined the g/r ratio of mutant to WT neurons at postnatal stages P21, 3 months, and 12 months. We found that the g/r ratio was consistently $1 at all postnatal stages analyzed (Table  S2 ). To more precisely assess the consequences of Lgl1 lossof-function at the individual progenitor level, we conducted MADM-based clonal analysis (Gao et al., 2014; Hippenmeyer et al., 2010; Zong et al., 2005) . To this end, we utilized tamoxifen (TM)-inducible Emx1-CreER (Kessaris et al., 2006) to induce RGP clones at E11 in control-MADM and Lgl1-MADM. We analyzed the size and composition of these MADM clones at E13 and E16 ( Figures S2A-S2H ). We observed no significant difference in the total clone size and zonal distribution of clonally related WT and Lgl1 À/À cells indicating that RGP-mediated neurogenesis is not dependent on cell-autonomous Lgl1 function. Next, we analyzed the unitary neuronal output of RGPs (Gao et al., 2014) in the absence of Lgl1. TM was injected in Lgl1-MADM at E12 when RGPs transit from symmetric proliferative division to asymmetric neurogenic division. As expected, we observed asymmetric clones with a majority population in one color and a minority population in the other color ( Figures  S2I-S2K ), whereby the two colors correspond to different genotypes (i.e., WT and Lgl1 À/À ). We assessed the size of the majority and minority populations within individual clones but observed no significant difference, and the overall neuronal unit size was unchanged regardless of the color and thus Lgl1 genotype ( Figures S2L, S2M , and S2P). We next assessed the relative number of upper versus lower layer neurons, and similar to the total unit size, there was no significant difference ( Figures  S2N and S2O ). We conclude from these clonal analyses that Lgl1 is not cell-autonomously required for RGP-mediated neurogenesis.
Increased RGP Proliferation Results in Subcortical Band
Heterotopia in cKO-Lgl1-MADM Although the overall g/r ratio in cKO-Lgl1-MADM was $1, a large heterotopic cell mass was present beneath the neocortex (Figures 1H and S3) . The ectopic cell mass resembled subcortical band heterotopia (SBH) or ''double cortex syndrome'' in human (Gleeson et al., 1998) . While green Lgl1 À/À RGPs have an identical genotype in both Lgl1-MADM and cKO-Lgl1-MADM, their surrounding cells have distinct genotypes and thus properties that could differentially influence the proliferation dynamics of individual Lgl1 À/À RGPs. To test whether distinct RGP proliferation could be the origin of SBH in cKO-Lgl1-MADM, we injected bromodeoxyuridine (BrdU) at E13 and analyzed its incorporation after 1 hr. We noticed a significant increase in the number of BrdU + cells in cKO-Lgl1-MADM when compared to control-MADM ( Figure S3 ). Rosette-like structures that stained positively for PAX6 and included BrdU + proliferating RGPs were also frequently observed throughout the VZ and cortical plate (CP) in cKO-Lgl1-MADM but not control-MADM ( Figure S3 ). Although we detected a significant increase in apoptosis, the number of proliferating cells remained significantly higher at P0 in cKOLgl1-MADM when compared to control-MADM ( Figure S3 ). We did not detect any signs of tumors, and the size of the SBH was stable throughout adult stages from P21 onward and up to 12 months of age ( Figure S3 ). Because the sparse ablation of Lgl1 in Lgl1-MADM did not lead to the formation of an SBH, we conclude that in cKO-Lgl1-MADM, community effects emerging in an environment where all RGPs lack Lgl1 expression influence their mutual RGP proliferation behavior and/or dynamics resulting in SBH.
Loss of RGP Cell Polarity Correlates with the Emergence of SBH in cKO-Lgl1-MADM
In order to evaluate whether the emergence of SBH in cKO-Lgl1-MADM results from a disruption of the junctional adhesion belt, we analyzed cKO-Lgl1-MADM at early embryonic stages (Figure 2) . Indeed, already at E12, small ectopic cell formations were apparent in cKO-Lgl1-MADM, but not in control-MADM or Lgl1-MADM, respectively (Figures 2A-2C ). We next assessed the expression of a set of proteins that localize at basolateral (CDH2 and b-catenin) and apical (CD133, Pals1, and g-tubulin) sites in RGPs by immunohistochemistry at E13 when the ectopic cell masses reached sizes of hundreds of cells. While in control-MADM and Lgl1-MADM, the ventricular adhesion belt was uniformly stained for all basolateral and apical proteins indicated above, all the components were either not expressed or mislocalized at sites of ventricular heterotopia ( Figure 2 ). These results indicate that excessive proliferation of Lgl1 À/À RGPs ( Figure S3 )
in cKO-Lgl1-MADM is accompanied by the disruption of the ventricular zone and mislocalization or loss of expression of basolateral and apical components of the junctional adhesion belt in RGPs.
Sparse and Complete Lgl1 Deletion Differentially Affects Postnatal Neurogenesis
Shortly after birth, the embryonic neuroepithelium transforms into the postnatal NSC niche in the V-SVZ within the LV (Lim and Alvarez-Buylla, 2016) . Because RGPs are lineally related to progenitors in the adult stem cell niche, we assessed the constitution and neurogenic properties of the V-SVZ in Lgl1-MADM, cKO-Lgl1-MADM, and control-MADM. Because we used Emx1-Cre, MADM-based labeling and Lgl1 ablation only occurred in the dorsal wall (DW) of the V-SVZ but not in the lateral and medial walls (LW and MW) of the LV. Given the strong phenotype in the early embryonic neuroepithelium and VZ in cKO-Lgl1-MADM, we first analyzed the ependymal cell layer integrity in the DW and LW in cKO-Lgl1-MADM at P21. To this end, we stained for CD133, which is strongly expressed in the highly ciliated E1 ependymal cells. While the ependymal layers in the DW in control-MADM and Lgl1-MADM appeared indistinguishable, the DW in cKO-Lgl1-MADM was completely devoid of CD133 expression ( Figures 3A-3C ). The LW was not affected as expected due to absence of Cre recombinase expression ( Figures 3D-3F ). Previous studies have demonstrated that an intact ependymal cell layer is critical for postnatal neurogenesis and thus olfactory neuron production (Jacquet et al., 2011; Paez-Gonzalez et al., 2011) . We therefore quantified MADMlabeled cells in the OB in cKO-Lgl1-MADM, Lgl1-MADM, and control-MADM. Typically, we detected $80-100 MADM-labeled red and green cells per mm 2 on a representative mid-rostrocaudal OB section in control-MADM, and the g/r ratio was $1 (Figures 3M , 3P, and 3S) (Hippenmeyer et al., 2010 3Q , and 3T). These data suggest an important cell-autonomous function for Lgl1 in the V-SVZ stem cell niche and postnatal neurogenesis.
Lgl1 Cell-Autonomously Controls Postnatal NSC Lineage Progression in V-SVZ To identify the crucial Lgl1-dependent step in the establishment of the adult stem cell niche and/or the role of Lgl1 in postnatal neurogenesis, we traced the development of the dorsal V-SVZ in Lgl1-MADM in a time course ( Figures 4A-4J ). While we observed no gross abnormalities at P0, a large fraction of Lgl1 À/À mutant cells appeared in multicellular clusters in the V-SVZ from P7 onward. We determined the frequency at which multicellular clusters of distinct sizes (number of cells/cluster) occurred in the V-SVZ. In control-MADM, the vast majority ($90%) of both green and red MADM-labeled WT cells appeared as single cells ( Figure 4K ), two cell clusters were detected at a low rate, and clusters containing more than two cells were only very rarely detected. In contrast, in Lgl1-MADM the majority (>50%) of green Lgl1 À/À cells were found in clusters with more than two cells and larger clusters with 15 or more cells were detected frequently ( Figure 4L ). Next, we quantified the g/r ratio of Lgl1 À/À to WT cells and detected a slight but significant $2-fold increase of Lgl1 À/À at P0 indicating that Lgl1 is cell-autonomously required in the emerging V-SVZ immediately after birth ( Figure 4M ). The g/r ratio increased to $8 at P21 and remained stable up until at least 12 months. These results raise the question whether cluster formation would include and/or affect type B1 cells in their lineage progression. To this end, we performed high resolution morphological analysis of the postnatal V-SVZ stem cell niche in control-MADM and Lgl1-MADM. While at P0, RGPs (transforming into type B1 cells) with their cell bodies located in the VZ could be readily detected by virtue of their basal process ( Figures 4N  and 4O ), no morphological abnormalities could be observed. In contrast, at P7 when many large clusters of green Lgl1 À/À cells were apparent ( Figure 4D) Lgl1 Cell-Autonomously Controls Cortical Astrocyte Generation While Lgl1 appears not to be required cell-autonomously for RGP-mediated cortical neurogenesis, we observed an exuberant large number of Lgl1 À/À cells with apparent astrocyte morphology in Lgl1-MADM at P21 (Figures 5A-5D ). To confirm the cell fate of these MADM-labeled cells, we performed immunohistochemistry for the mature astrocyte markers ( Figure S5 ). Next, we assessed the size and morphology of MADM-labeled astrocytes in Lgl1-MADM and control-MADM. We quantified the size of the cell body, total cell volume, and branching pattern using Sholl analysis (Sholl, 1953) but could not detect any significant difference when Lgl1 À/À astrocytes were compared to WT ( Figure S5 ). We quantified the g/r ratio of green Lgl1 À/À to red WT cortical astrocytes and noticed an increase of Lgl1 À/À astrocytes by a factor of $10 at P21 and throughout adulthood ( Figure 5G ). In order to assess the cell-autonomous Lgl1 function in astrocyte production at the single RGP level, we carried out MADM-based clonal analysis using Emx1-CreER (Kessaris et al., 2006) . MADM clones were induced at E11 and analyzed at P21 (Figures 5E and 5F). Because astrocytes are not always present in both red and green subclones (Gao et al., 2014) , we quantified the number of clonally related astrocytes in distinctly colored (and thus presenting with different genotype) subclones independently (Figure 5H) . We found that the total number of astrocytes per red subclone, WT in control-MADM, and WT in Lgl1-MADM was not significantly different. In contrast, the number of astrocytes per green Lgl1 À/À subclone in Lgl1-MADM was significantly increased when compared to the green WT subclone in control-MADM ( Figure 5H ). The clonal analysis corroborates our results obtained from the population analysis in Lgl1-MADM. Excessive astrocyte production was also observed in Lgl1-MADM where we recombined the Lgl1-D allele (generated with Hprt-Cre germline deleter [Tang et al., 2002] ) instead of the Lgl1-flox allele via meiotic recombination to the MADM-TG cassette on chr11 ( Figure S6 ). No difference in the astrocyte phenotype was observed when Lgl1 À/À cells exhibit either maternal or paternal uniparental chromosome disomy, respectively ( Figure S6 ), and identical defects in astrocyte production were seen when Lgl1 À/À cells were labeled with tdT (red) instead of GFP (green) ( Figure S6 ). Increased astrocyte production was also observed in the hippocampus in Lgl1-MADM ( Figures 5B,  S6 , and S7) and in the striatum in Lgl1-MADM induced by Nestin-Cre (data not shown). Altogether, these data indicate an important general cell-autonomous function of Lgl1 in astrocyte production in the neocortex and diverse forebrain structures.
Increased Numbers of Early Postnatal Astrocyte Progenitors Precede Excess Astrocyte Production
In order to identify the critical Lgl1-dependent step in RGP lineage progression and/or the transition to astrocyte production, we traced the developmental origin of increased cortical astrocyte production. Once neurogenesis is completed, RGPs adopt a gliogenic potential and can either proliferate locally to produce intermediate astrocyte progenitor cells (aIPCs) or directly transform into aIPCs and/or astrocytes (Kriegstein and AlvarezBuylla, 2009 ). We thus reasoned that astrocytes in Lgl1-MADM could be emerging precociously or as a result of increased proliferation capacity in aIPCs. To address these questions, we first evaluated late embryonic Lgl1-MADM and early postnatal stages for the emergence of astrocytes that could be unambiguously defined on the basis of their characteristic morphology. We did not detect any precocious astrocytes at late embryonic stages throughout the CP (Figure 6 ). From P7 onward, nascent (and mature) astrocytes could be clearly discerned and the g/r rate of Lgl1 À/À to WT astrocytes was significantly increased (Figure 6M) . To increase the temporal resolution and pinpoint the critical Lgl1-dependent stages in RGPs during aIPC and/or astrocyte production, we stained Lgl1-MADM in a time course for brain lipid-binding protein (BLBP) (Feng et al., 1994) , which labels RGPs during embryonic development, early postnatal aIPC, and mature astrocytes. Figures 6A-6K ). Next, we determined the fraction of proliferating cells that co-labeled for the cell-cycle marker Ki67. At E17, when neurogenesis has largely ceased, the fraction of Ki67 + Lgl1 À/À cells in the CP was significantly elevated when compared to Ki67 + WT MADM-labeled cells. Increased proliferation was not observed before E17 but through E18, P0, and P7 ( Figure 6L ). Together, these results suggest that proliferating Lgl1 À/À aIPCs are increased in late embryonic Lgl1-MADM, resulting in a larger overall number of mature astrocytes at postnatal stages. We next quantified the relative fraction of astrocytes within the total of MADM-labeled cells (neurons plus astrocytes) (Figure 6M) . At P7, the fraction of mutant astrocytes ($25%) in Lgl1-MADM was increased already by 2-fold when compared to the fraction ($13%) of WT astrocytes in control-MADM. While the astrocyte fraction in control-MADM reached a plateau of $20% at P21, the relative fraction of Lgl1 À/À mutant astrocytes in Lgl1-MADM was nearly 50% of all MADM-labeled cells. The relative number of mutant astrocytes remained stable in more mature mice and no signs of astrocytoma were observed ( Figure S7 ). These data indicate that the overproduction of astrocytes upon loss of Lgl1 still obeys tissue homeostasis mechanisms. Interestingly, the relative fraction of astrocytes in cKO-Lgl1-MADM was also increased and reached $50% (Figure 6M) . Thus, the loss of Lgl1 À/À in aIPCs results in dramatic increase in mature astrocytes regardless of the state of the environment, i.e., normal in Lgl1-MADM or Lgl1 À/À in cKO-Lgl1-MADM. Altogether, these results suggest that the control of astrocyte production at normal numbers represents a critical cell-autonomous Lgl1 function. (legend continued on next page) mechanistic insights at the molecular level, we pursued a candidate gene approach and conceived genetic interaction experiments in a MADM context. We focused on Egfr because previous studies have suggested a crucial and dose-dependent regulatory function of Egfr signaling in gliogenesis (Burrows et al., 1997; Sibilia et al., 1998) . We first tested the hypothesis that exuberant astrocyte generation upon loss of Lgl1 could be dependent on functional Egfr. Because Egfr is located on chr11, it was possible to genetically link an Egfr-flox allele (Lee and Threadgill, 2009) 
Genetic Interaction of
DISCUSSION
In the developing cerebral cortex, NSCs are in charge of generating cell-type diversity. However, the underlying cellular and molecular mechanisms controlling NSC proliferation behavior and lineage progression are poorly defined. In our study, by using quantitative MADM-based experimental paradigms at single cell resolution, we found that Lgl1 is required at distinct sequential stages in cortical NSCs to control quantitative neuron and glia output (Figure 8 ). At early embryonic stages, Lgl1 function is required at the global neuroepithelium tissue level during cortical neurogenesis. The loss of Lgl1 in all RGPs triggers a dynamic community effect that results in the overproduction of cortical projection neurons and the formation of an SBH. In contrast, Lgl1 is cell-autonomously required in aIPCs at later stages to control astrocyte production and in postnatal V-SVZ neurogenic niche for lineage progression of NSCs in the LV. Collectively, our results define distinct sequential non-cellautonomous and intrinsic cell-autonomous Lgl1 functions controlling cortical neuron and glia genesis and postnatal stem cell behavior. We discuss our findings with emphasis on the interplay of cell-autonomous gene function with non-cell-autonomous and/or community effects and in the context of the general principles of NSC proliferation behavior.
Genetic Dissection of Cell-Autonomous Gene Function and Environmental Community Effects at Single-Cell Resolution
While genetic loss of function can reveal cell-autonomous gene functions, the contribution of non-cell-autonomous gene functions and/or community effects often remain poorly defined. Non-cell-autonomous gene functions may involve directed cell-to-cell communication either via contact-mediated or secreted signaling cues (Greenman et al., 2015; Hippenmeyer, 2014) . For instance, excess activation of AKT3 in just a small population of cells is associated with human focal malformations (legend continued on next page) in cortical development, which disrupts the architecture of the entire hemisphere (Baek et al., 2015) . These findings suggest that alteration of the properties of individual neurons collectively may affect the entire community. Such a phenomenon is also observed in distinct cellular contexts including collective cell migration and tissue morphogenesis (Heisenberg and Bellaïche, 2013) . The cellular and molecular mechanisms orchestrating community effects during brain development are mostly unknown due to the lack of experimental assays enabling the visualization and quantitative assessment of the non-cell-autonomous elements in full or whole tissue conditional loss-of-function phenotypic analysis (Greenman et al., 2015) . To this end, we have established an unprecedented genetic strategy to visualize and dissect the interplay of relative cell-autonomous gene function and the contribution of non-cell-autonomous community effects to the overall phenotype presentation. Our assay relies upon MADM-based single-cell phenotypic analysis of individual mutant cells in (1) normal environment, and (2) homozygous mutant environment. The approach includes the sparse mosaic versus global/whole tissue wide ablation of a candidate gene, resulting in distinct cellular environments permitting the direct assessment of the non-cell-autonomous influence on the single-cell phenotype. This assay can be applied in principle to any candidate gene of interest, provided that knockout or conditional alleles are available, and MADM cassettes have been inserted on the particular chromosome where the gene is located.
Here, we utilized such a genetic paradigm to genetically dissect the function of Lgl1 in controlling NSC proliferation behavior in neurogenesis and glia production.
Role of Lgl1 in Embryonic Cortical Neurogenesis
Ablation of Lgl1 from all NESCs results in a severe non-cellautonomous community effect. Albeit, the formation of ectopic clusters of exuberantly proliferating Lgl1 À/À progenitors in cKO-Lgl1-MADM (where all cells lack Lgl1) occurred in a nonstereotypic fashion but was correlated with absence or misexpression of apical and basolateral components. Strikingly, the phenotype of cKO-Lgl1-MADM is almost congruent to the phenotype of Numb/Numbl double mutants (Li et al., 2003; Rasin et al., 2007) . NUMB has been proposed to control the trafficking of adherens junction components (Rasin et al., 2007) . Because LGL1 has also been suggested to regulate polarized secretion and exocytosis (M€ usch et al., 2002) , it will be interesting in the future to determine a potential functional relationship of LGL1 and NUMB in the regulation of adherens junctions and possibly the control of progenitor proliferation. The SBH in cKO-Lgl1-MADM was composed of neurons with upper and lower cortical layer identity as well as glia cells, indicating that the generation of faithful cell fates by embryonic Lgl1 À/À mutant RGPs is not severely disturbed. However, it will be intriguing to determine the global tissue-wide homeostatic properties and possible changes associated with the SBH formation and maintenance in the adult cKO-Lgl1-MADM. In Lgl1-MADM with only sparse Lgl1 knockout, the individual Lgl1 À/À mutant progenitors appear to proliferate normally, presumably because their integration within the neuroepithelium is rescued by the surrounding ''normal'' progenitors maintaining the cell adhesion of mutant cells in a non-cell-autonomous manner. Future efforts aiming to determine the genetic fingerprints of Lgl1 À/À mutant progenitors in Lgl1-MADM and cKO-Lgl1-MADM by single cell RNA sequencing (RNA-seq) could help (provided that a large enough set of progenitors can be faithfully isolated) to identify the intrinsic signaling pathways associated with either ''rescue'' of mutant progenitors in Lgl1-MADM or aberrant proliferation and SBH formation in cKO-Lgl1-MADM.
Lgl1-Dependent Lineage Progression in Postnatal V-SVZ NSCs
The V-SVZ in the DW of the LV was not properly established in cKO-Lgl1-MADM, and postnatal OB interneuron (oIN) generation was virtually absent. It is likely that the strong community effects observed in the embryonic VZ resulted in a dispersal of the DW ependymal cells in the SBH. This phenotype reflects the importance of an intact E1 cell layer that derives from a discrete pool of RGPs (Jacquet et al., 2011; Paez-Gonzalez et al., 2011) and that is severely affected in the cKO-Lgl1-MADM. In contrast, Lgl1-MADM mice show a normal E1 layer. Nevertheless, postnatal neurogenesis is still compromised in Lgl1-MADM, although not to the extent like in cKO-Lgl1-MADM, suggesting a distinct underlying basis and critical cell-autonomous role for Lgl1 in postnatal neurogenesis. In sparse Lgl1-MADM, mutant Lgl1 À/À type B1 cells display aberrant cellular morphology and frequently appear in clusters or syncytia of nuclei with long cytoplasmic bridges that could represent incomplete cell division. It is tempting to speculate that Lgl1 could regulate very specific intracellular trafficking events required for correct cytokinesis (Schiel et al., 2013) . In any case, our results indicate a delicate Lgl1-dependent step in the proliferation pattern of type B1 cells. Lgl1 function could dictate the balance of symmetric versus asymmetric V-SVZ progenitor division pattern and thereby indirectly regulate the level of progenitor expansion versus differentiation and thus quantitative output during postnatal neurogenesis. Because Lgl1 has been associated with polarity-driven processes and is involved in controlling the switch from symmetric to asymmetric RGP divisions, it will be intriguing to assess in future studies whether the loss of Lgl1 in asymmetrically dividing type B1 cells results in ''more symmetric'' division that may be not fully completed due to possible cell-cycle checkpoints. Alternatively, Lgl1 could act as an intracellular sensor and/or mediator of extracellular signals to regulate the transition from quiescent to active status in type B1 cells. Importantly, however, type B1 cells produce type C cells that in turn can give rise to neuroblasts migrating toward the RMS. Because there is a lineage relationship from type B1 to type C to neuroblast, the loss of the olfactory granule cell layer but also give rise to oligodendrocyte lineage (Kriegstein and Alvarez-Buylla, 2009 ). It will thus be important in future lineage tracing experiments to evaluate whether, and to what extent, a block in lineage progression from type B1 to type C cells may affect the oligodendrocyte lineage emerging from type C cells. Perhaps even more important will be the determination of progenitor cell-type diversity among type B and type C cells and to evaluate whether the loss of Lgl1 may result in changes of progenitor cell fates and how it affects neuron and glia output.
Cell-Autonomous Lgl1 Function in Postnatal Cortical Astrocyte Production MADM is a powerful approach to study cell-autonomous gene function at high spatiotemporal resolution (Hippenmeyer et al., 2010; Joo et al., 2014) . Here, the analysis of Lgl1-MADM allowed us to identify as-yet-unknown cell-autonomous Lgl1 functions in NSC proliferation behavior (Figure 8 ). Once RGPs cease the production of projection neurons, they adopt gliogenic potential (Bayraktar et al., 2014; Kriegstein and Alvarez-Buylla, 2009 ). However, the cellular and molecular mechanisms controlling glia production and quantitative output are not well understood. In our analysis of Lgl1-MADM, we discovered that the production of astrocytes is strongly increased upon cell-autonomous loss of Lgl1. Interestingly, the relative number of astrocytes was also significantly higher in cKO-Lgl1-MADM indicating a dominant cell-autonomous component, not strongly influenced by non-cell-autonomous community effects. What can we learn from the Lgl1 loss-of-function astrocyte phenotype with regard to the general principles of RGP proliferation behavior? It has been suggested that RGPs give rise to aIPCs that locally amplify astrocyte production in a tightly controlled manner (Ge et al., 2012) . It is currently not clear whether astrocyte production follows a strictly deterministic program similar to neurogenic RGPs (Gao et al., 2014) or whether a certain degree of stochasticity contributes to the proliferation dynamics of aIPCs. Regardless of the precise mechanism, clonally related astrocytes do not disperse broadly (Gao et al., 2014; Molofsky et al., 2014) , and because astrocytes exhibit precise tiling (i.e., do not overlap their fine projections), it has been suggested that astrocyte production is controlled by homeostatic cues to ensure complete coverage of the local neuropil (Molofsky and Deneen, 2015) . In any case, loss of Lgl1 function results in a scalable overproduction of Lgl1 À/À astrocytes.
Given that astrocytes tile the neuropil, do Lgl1 À/À aIPCs have a competitive advantage over WT progenitors? And if yes, which Lgl1-dependent signaling cascades are misregulated in aIPCs?
The astrocyte overproduction in Lgl1-MADM could reflect the loss of a specific Lgl1-dependent function in polarized secretion and/or exocytosis in order to regulate cell-surface abundance of astrocyte production stimulating and/or inhibiting factors. It is intriguing to note that the control of polarized secretion, exocytosis (M€ usch et al., 2002) , and possibly further intracellular trafficking events, could actually represent one unifying function of Lgl1 in the control of proliferating NSCs. In such a mechanistic framework, Lgl1 could regulate the cell-surface abundance of junctional complex components in embryonic RGPs, control trafficking events critical for cytokinesis in type B1 NSC, and tune growth factor receptor levels at the plasma membrane in proliferating aIPCs. In this regard, we could observe genetic interaction between Lgl1 and Egfr suggesting, indeed, a functional relationship. Although the precise nature of Lgl1/Egfr interaction remains to be determined, it seems highly specific for cortical astrocyte generation but not V-SVZ NSC behavior ( Figure S8 ). It will be revealing to probe whether LGL1 and EGFR interact at the protein level and to assay EGFR cell surface levels and/or turnover in Lgl1 À/À context during astrocyte generation. We cannot exclude that Egfr and Lgl1 also play independent functions in astrocyte generation, and it will be interesting to dissect those putative functions. Alternatively, but not mutually exclusive, Lgl1 could regulate the number of symmetric amplification versus asymmetric differentiation divisions by regulating intracellular polarity and/or the symmetry of the division plane in aIPCs. It will be interesting in the future to assess the mechanisms and dependence on Lgl1 function dictating the total astrocyte unit production in distinct functional areas in the cortex and beyond in other brain areas. Lastly, Lgl1 is highly expressed in mature astrocytes (Zhang et al., 2016) , and it will be intriguing to assess the expression status of Lgl1 in reactive astrocytes during injury and whether the local response in quiescent astrocyte progenitors require the downregulation and/or inhibition of Lgl1 function in order to initiate the astrocyte production at injury sites. Collectively, by using sparse and whole tissue genetic MADM approaches to ablate Lgl1 gene function in NSCs, we define distinct sequential Lgl1 functions in neurogenesis, astrocyte production, and postnatal stem cell behavior. Our study emphasizes the importance of the local stem cell niche environment and thus non-cell-autonomous contributions in concert with cell-autonomous gene function in the control of NSC proliferation behavior. More generally, single-cell phenotypes in conditional or full knockout reflect a combination of both cell-autonomous gene function and environment-derived cues that may remedy or exacerbate any observed phenotype. It will thus be important in future genetic loss-of-function paradigms to qualitatively and quantitatively determine the relative contributions of the intrinsic and extrinsic components to the overall loss-of-function phenotype.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Generation of MADM Clones in the Neocortex
MADM clone induction was performed as described previously (Gao et al., 2014; Hippenmeyer et al., 2010) . In brief, timed pregnant females injected intraperitoneally with tamoxifen (TM) (Sigma) dissolved in corn oil (Sigma) at E11 or E12 at a dose of 2-3 mg/pregnant dam. Live embryos were recovered at E18-E19 through caesarean section, fostered, and raised for further analysis at P21. For embryonic time point analysis, caesarean section and analysis was performed at either E13 or E16. Brains containing MADM clones were isolated, and tissue sections processed as described above. 3D reconstruction was performed by using a custom MATLAB script and IMARIS-based imaging analysis platform. Cortical areas were identified by using the Allen Brain Atlas (http://mouse. brain-map.org/static/atlas).
Astrocyte Morphology Filament Tracing
The Sholl method of concentric spheres was used to measure astrocyte branching complexity (Sholl, 1953) . First, brain sections were stained for GFAP, labeling the main processes of the majority of cortical astrocytes. Then individual GFP + layer II/III astrocytes from control-MADM and Lgl1-MADM mice were imaged using a 63x oil objective. 3D reconstruction and analysis was performed using IMARIS software. Briefly, using the Filament Tracer algorithm, the GFAP labeled processes were 3D reconstructed, concentric sphere Sholl analysis was performed, and total cell volume and cell body volume was calculated from the 3D structure.
QUANTIFICATION AND STATISTICAL ANALYSIS
See Figures S5L, S5N , and S8M, statistical analysis was performed in Excel. Values represent mean ± SEM and significance was determined using the two-tailed unpaired Student's t test. n was defined as an individual section green/red ratio quantification. For Figures S5L, S5N , and S8M, statistical analysis was performed in Graphpad Prism 7.0. For Figures S5L and S5N , multiple t tests were performed and discovery determined using the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q = 1%. Each row was analyzed individually, without assuming a consistent SD n was defined as an individual reconstructed astrocyte. For Figure S8M , significance was determined using One-way Anova and corrected with Tukey's multiple comparisons test, with n being defined as one single section green/ red ratio quantification. By plotting the raw data we were able to determine that our data met the criteria of normal distribution. Significance was established at *p < 0.05, **p < 0.01, ***p < 0.001.
